Each thalamic nucleus is composed of a subset of neu-
. We tical areas, whereas caudal thalamic nuclei projects extended these studies by performing a detailed spatial caudo-laterally in the cortex. Second, axons originating and temporal analysis of Ngn2 expression using in situ from lateral thalamic nuclei project more caudally in the hybridization (ISH). At embryonic day (E) 13.5, the DT cortex than axons originating from medial nuclei. This primarily consists of a proliferating neuroepithelium, coordinate transformation leads to the basic patterning with most progenitors undergoing terminal divisions of thalamocortical connections linking each thalamic (Angevine, 1970) . Figure 1A shows that in the horizontal nucleus with a unique set of cortical areas found in plane of section, Ngn2 transcripts were detected in prorodents, carnivores, and primates (Hohl-Abrahao and genitors in the rostral-most third of the dorsal thalamus Creutzfeldt, 1991).
as early as E13.5. At E14.5 ( Figure 1B ), Ngn2 expression How is this complex topography of axonal projections was initiated in postmitotic neurons that are restricted patterned during development? The answer to this to the rostral tip of the DT mantle (star in Figure 1B ), question remains unclear. The reciprocal connectivity whereas the remaining neuroepithelium showed a proof a given thalamic nucleus with a unique set of cortical nounced decrease of expression as compared to E13.5 areas, as well as the close physical proximity of cortico-(arrow in Figure 1B ). Finally at E15.5 ( Figure 1C ), when thalamic (CT) and thalamocortical (TC) axons in the interneurogenesis is complete, Ngn2 was still expressed in nal capsule (IC) of developing rodents, led to the prothe rostral third of the DT (star in Figure 1C ) but also posal of the "handshake" model whereby CT expression of GFP in Ngn2 KIGFP/ϩ transgenic mice recaTuttle et al., 1999). However, the exact role of these pitulated the spatial and temporal pattern of expression genes in patterning TC projections is often difficult to of the endogenous gene. In E15.5 Ngn2 KIGFP/ϩ embryos, interpret because of their complex spatiotemporal exthe GFP transgene was expressed in the DT in a highpression patterns. In fact, most of the above-mentioned rostral to low-caudal gradient ( Figures 1D-1F ), recapitutranscription factors are not only expressed in the thalalating the gradient of expression visualized using ISH at mus and/or the cortex but also along the pathway of E14.5 ( Figure 1C ). The high-rostral to low-caudal expres-TC axons (see for example, Garel et al., 2002) . Therefore, sion pattern was maintained at E16.5 ( Figures 1G-1G″ ). in the absence of a reliable assay recapitulating the Interestingly, GFP was also enriched in axons traveling topography of thalamocortical connections in vitro, it through the IC at E16.5 ( Figures 1HЈ-1IЈ ). GFP was spehas been difficult to determine if these genes exert their cifically enriched in axons projecting rostrally (Figures function cell autonomously or nonautonomously during 1H-1H″) and dorsally ( Figures 1I-1I″ ) in the IC at the development.
level of the ventral telencephalon. At E17.5, the graded In the present study, we demonstrate that the bHLH expression of GFP in the DT is still visible (circled in transcription factor Ngn2 cell autonomously specifies Figure 2A ), but note that the transgene is not expressed the projection of thalamic axons to frontal cortical areas in a detectable gradient but rather uniformly along the by controlling axon responsiveness to cues encounrostro-caudal axis in the cortex (Figure 2A at postnatal day 1 (P1) when thalamic nuclei are fully the ventro-medial nucleus (VM). The common property of these three groups of thalamic nuclei expressing high differentiated and Ngn2 transcripts are still detected at high levels (thalamic expression of Ngn2 is downregulevels of Ngn2 is that they all project to rostro-medial cortical areas ( Figure 2E spanning approximately the rostral half of the VT (black curve in Figure 3E and double arrow in Figure 3G ), and consequently the rostral half of the cortex (black curve Ngn2 Controls the Topography of Thalamocortical Projections in the Ventral Telencephalon in Figure 3F and star in Figure 3G ). This quantitative analysis revealed that axons emerging from the rostral and in the Cortex The vast majority of Ngn2 knockout mice die soon after third of the DT of Ngn2 Ϫ/Ϫ embryos (n ϭ 8) were significantly shifted caudally, both in the ventral telencephalon birth, precluding an analysis of the cortical targeting of thalamic axons using classical retrograde axonal tracing (red curve in Figure 3E and Figures 3I and 3J ) and in the cortex (blue curve in Figure 3F and Figures 3I and in postnatal brains. Therefore, to test directly if Ngn2 controls the topography of TC axonal projections, we 3J) as compared to control mice. Therefore, Ngn2 controls the topography of projection of thalamic axons to performed anterograde tracing using carbocyanin dye injections restricted to the rostral third of the embryonic rostral territories of the ventral telencephalon and as a consequence to rostral cortical domains. However, DT. A first analysis performed on E17.5 brains sectioned horizontally revealed that the projection of axons from Ngn2 is not only expressed in the rostral territory of the DT but also at the ventro-dorsal telencephalic boundary the rostral DT was significantly shifted caudally in the ventral telencephalon of Ngn2 knockout mice (n ϭ 11; (VDB) and in the cortex ( Figure 3B ) as compared to control littermates (n ϭ 5; Figure 3A ). This analysis also revealed a pronounced difficult to conclude if Ngn2 expression is required in the dorsal thalamus to exert its role in the control of TC pathfinding defect in the ventral telencephalon (VT) of Ngn2 knockout mice, where axons from the rostral DT pathfinding. Later on (Figure 7 ) we will demonstrate that this caudal shift in the projection of rostral thalamic navigated rostro-caudally in the IC (arrowheads in Figure  3D ), as opposed to the normal medio-lateral projections neurons is largely cell autonomous and therefore that Ngn2 expression is required in the dorsal thalamus for into the cortex observed in control animals ( Figure 3C ). Figure 3G ) and had already crossed the VDB affecting TC axons could be cell autonomous or cell nonautonomous. However, the fact that only axons from of the telencephalon (arrowhead in Figure 3G ) to enter the cortex (star in Figure 3G ). Strikingly, in E16 Ngn2 rostral but not caudal DT were stalled at the VDB suggested that the defect is mainly cell autonomous and knockout mice, TCAs had reached the same rostral level of the VT to form the IC (double arrows in Figure 3H) , that extracellular signals from the boundary were intact in Ngn2 knockout mice. Later on we demonstrate dibut they did not cross the VDB (arrowhead in Figure 3H ) and were thus unable to enter the cortex at this rostral rectly that Ngn2 expression is required in thalamic neurons in order to specify their ability to enter the cortex level. This pathfinding defect was very specific for axons originating from rostral DT, as axons originating from (see Figure 7) . In Ngn2 knockout mice, axons from rostral DT also caudal DT were able to cross the VDB at the same level of section (see Supplemental Figures S2A-S2C at http:// showed a pronounced defasciculation defect in the IC (see Supplemental Figures S2D-S2F) . Again, at the same www.neuron.org/cgi/content/full/39/3/439/DC1). This Figure 5D and Experimental Procedures). This assay Ngn2 ϩ/ϩ axons ( Figure 6E ). This demonstrates that Ngn2 enables the two-dimensional visualization of TC axons specifies the connectivity of thalamic neurons by conpathfinding in the telencephalon in vitro.
trolling the responsiveness of their axons to topographic Our results show that axons emerging from the most cues encountered in the ventral telencephalon. rostral regions of E14.5 DT (DT1 and DT2 pooled as Examination at higher magnification showed that DTR) grew rostrally in the ventral telencephalon (Figure some of the Ngn2 KIGFP/KIGFP axons were repelled by the 5A). Thalamic axons emerging from progressively more wild-type VDB and were growing in the rostro-caudal caudal levels of the DT showed a less pronounced tenplan instead of reaching more dorsal cortical territories dency to grow rostrally in the ventral telencephalon (Fig-(Figures 6F and 6G) , demonstrating that the conversion ure 5B). In contrast, axons originating from the most of the response of thalamic axons at this boundary obcaudal levels of the DT (DT5, also called DTC) exhibited served in vivo is also largely cell autonomous. the opposite trend, growing preferentially in the caudal part of the ventral telencephalon to invade subsequently Loss of Neurogenin2 Expression Does Not more caudal cortical territories ( Figure 5C ). The topogra-
Respecify the Molecular Identity phy of TC projections was quantified by measuring the of Dorsal Thalamic Neurons distribution of the mean normalized optical density
We wanted to evaluate if the change of thalamic neurons emerging from the GFP signal (normalized OD; see Exconnectivity due to the loss of Ngn2 could be a secondperimental Procedures) along the rostro-caudal axis of ary consequence of a more general respecification of the ventral telencephalon (normalized distance, 40 bins; neuronal identity in the rostral thalamus. To test this, Figure 5D ). Figures 5E and 5F demonstrate that the spatial we documented the pattern of expression of four trandistribution of axons emerging from DTM and DTC is sigscription factors (Gbx2, Lhx2, Dlx1, Id2) previously innificantly shifted caudally in the VT compared to DTR. volved in thalamic regionalization at two different stages These results demonstrate that the topography of TC of neuronal development: E12.5-13.5 when the majority projections is initiated by extracellular cues located in of thalamic precursors are still proliferating and at E15. 
